Background: Cardiac arrhythmias are the major cause of late sudden death in patients undergoing repair of Tetralogy of Fallot (TF).
. Studies show that the most important factors influencing a poorer patient outcome are: age at surgery above five years; longer postoperative follow-up; a more aggressive operative technique with utilization of patches for more extensive transannular pulmonary enlargement, thus leading to more severe pulmonary regurgitation and progressive RV dilation or, also, residual obstructive pulmonary injury with increased RV systolic pressure; surgical scars; and increased duration of the QRS complex longer than 180ms 7, 8 .
Patients older at repair have a less satisfactory response with a higher predisposition to arrhythmias, since their right ventricle (RV) shows more marked hypertrophy, more fibrous tissue, and requires more extensive surgery 9, 10 . Zeltser et al
Introduction
Tetralogy of Fallot (TF) is the most common cyanotic congenital heart disease, with a favorable outcome after total surgical repair 1 . In addition to a longer survival, surgically treated patients have a better quality of life, they can work, and practice physical exercises 2, 3 . However, in the mid and long terms, they may present with hemodynamic changes due to residual lesions, which lead to the onset of several arrhythmias, thus resulting in higher morbidity and mortality 4 . Cardiac arrhythmias are considered as the major cause of late sudden death (SD), usually associated with the occurrence of , the increased right ventricular volume resulting from hypertrophy, fibrosis and different anatomical changes due to residual lesions may lead to severe arrhythmias 12 . Chandar et al 13 conducted a multicenter study of 359 patients with a mean age of five years at surgery and mean follow-up of seven years, and found an incidence of 48% of spontaneous ventricular premature beats and 17% of laboratory-induced ventricular tachycardia by electrophysiologic stimulation, both related to older patients, longer follow-up, symptoms of syncope or presyncope, and RVSP > 60 mmHg 13 .
Several studies have been conducted in an attempt to improve the knowledge on predictors of arrhythmias; however their pathophysiological mechanism has not yet been fully explained 4, 8, 14 .
The objective of this study was to specially investigate the occurrence of cardiac arrhythmias in children and adolescents after surgical repair of TF, associating them with clinical and laboratory findings.
Methods
Cross-sectional study conducted in 37 children and adolescents undergoing surgical repair of TF in the period from 2000 to 2007 at Instituto Estadual de Cardiologia Aloysio de Castro (IECAC-RJ). In order to be included in the study, the patients should have undergone total repair and given written informed consent. The medical records of 51 consecutive patients with TF referred for surgery were reviewed. Of these, four underwent the Blalock procedure alone, four died in the immediate postoperative period, and six missed the medical visit and the study protocol tests; thus, a total of 37 patients were included in the study. After clinical assessment, collection of surgical data and of previous test results, these patients were referred for new tests, namely: ECG, Echo, Holter monitoring, and ET. All tests were performed in IECAC.
A baseline 12-lead ECG was obtained from all patients (Dixtal model EP-3, and Ecafix), with analysis of rhythm, heart rate (HR), presence or absence of arrhythmias and duration of the QRS complex (QRSd).
Echo was also performed in all patients (Toshiba Nemio 30, 3.75 and 5.0-MHz transducers) and analyzed by two observers in the M-mode and two-dimensional mode, and the values of cardiac chamber measurements were considered in relation to the body surface 15 . Left ventricular (LV) function was assessed by means of the ejection fraction in the M-mode, using the Teichholz method 15 . Qualitative RV function was subjectively assessed using the two-dimensional mode, and was classified as normal or abnormal [16] [17] [18] . Tricuspid regurgitation was quantified as severe if the regurgitant jet reached the posterior wall of the right atrium, and the gradient was quantified by continuous Doppler for the assessment of the pulmonary pressure 18 . Pulmonary regurgitation was quantified according to the beginning of the regurgitant jet: as mild when it was close to the pulmonary valve; as moderate, when originated in the pulmonary trunk; and as severe, if originated in the branch bifurcation. The RV outflow tract obstruction was estimated by continuous Doppler, and was classified by the author, for the purpose of statistical analysis, as: <10 (normal), ≥10 up to <45 (mild), ≥45 up to <75 (moderate), and >75 (severe) mmHg [15] [16] [17] [18] .
All patients underwent 24-h Holter monitoring (Dynamis-CARDIOS, São Paulo). The tracings were analyzed both by the researcher and by a specialist from the department of arrhythmia. HR, the presence or absence of arrhythmias and their description were analyzed. The description of the arrhythmias was based on Lown's classification for ventricular arrhythmias, as follows: grade zero (no arrhythmia); grade I (ventricular premature beats -VPB -isolated or < 30/min); grade II (frequent VPB, > 30/ min); grade III (multiform VPB); grade IV A (couplets) and IV B (non-sustained ventricular tachycardia); and grade V (sustained ventricular tachycardia -SVT) 19 .
ET was performed in the patients clinically fit for the test by means of the Bruce protocol, which was administered in 21 patients, and the ramp protocol in nine patients, according to the guidelines of the department of ergonomics. The exercise capacity was evaluated using percentiles (P), according to Cumming: P10 (very weak), P25 (weak), P50 (reasonable), P75 (good) and P90 (excellent) 20 . The following parameters were also evaluated: characteristics of the arrhythmias detected; exercise time (in minutes); chronotropic reserve by means of the chronotropic index; autonomic response, by means of HR reduction in the 1st minute of recovery; and functional class, according to the NYHA, where class I (7 METs or more), class II (5 and 6 METs), class III (3 and 4 METs) or class IV (less than 3 METs) 21, 22 .
For the statistical analysis, numeric variables were expressed as mean, standard deviation, median, minimum and maximum values. Categorical variables were expressed as frequencies and percentages. The Mann-Whitney test was used for the comparison of quantitative data; the chi-square test and Fisher's exact test, for qualitative data. Logistic regression analysis was used to identify independent variables. The significance level was set at 5% (p<0.05).
The statistical analysis was processed by the SAS software 6.04 (SAS Institute, Inc. Cary, North Carolina).
Results

Background
A total of 37 patients were evaluated, of whom 54% were males, with a mean age at surgery of 5.0 ± 3.0 years, mean age at assessment of 9.7 ± 3.5 years, and mean follow-up of 4.7 ± 1.9 years. All were well and asymptomatic, except for two patients (5.4%) with a more recent postoperative followup, who had symptoms of right heart failure and were taking diuretics. Blalock's procedure had been previously performed in six patients (16.2%); pulmonary valve commissurotomy in 25 (67.5%); transannular pulmonary enlargement (TPE) in 19 (51.3%); and closure of interventricular septal defect (ISD) via the transatrial approach in 37 (100%). Two patients (5.4%) underwent late reoperation, one due to residual ISD, and the other due to severe pulmonary regurgitation (PR). One patient had a permanent pacemaker due to complete atrioventricular block in the immediate postoperative period.
Evaluation of ECG, Echo and Holter monitoring
Baseline ECG was normal in two patients (5.4%); right bundle branch block (RBBB) was found in 33 (89.0%); RBBB associated with left anterior hemiblock (LAHB) in two (5.4%); 1st-degree atrioventricular block (AVB) in two (5.4%); mean QRSd was 108.6 ms, and > 120 ms in six patients (16.2%). Three patients (8.1%) showed isolated SVPB and VPB.
Echo showed diameters and LV function, as well as RV function, which were normal in 100% of the patients. However, LV diameters were increased in 94.6%, as shown in Graph 1.
Residual ISD of varying diameters was observed in 10 patients (27%). RV outflow tract obstruction was detected in 34 patients (91.9%); its classification is shown in Table 1 . PR was found in 34 patients (91.9%); it was severe in 16 (43.2%) and moderate in nine (24.3%). Tricuspid regurgitation was moderate in four patients (10.8%) and severe in one (2.7%).
Holter monitoring was performed in 34 patients, because in three patients the tracing could not be recorded due to technical problems. Twenty patients (59%) presented with arrhythmia: SVPB (38%), VPB (44%), and both (24%), which were infrequent or occasional in most of them. Frequent SVPB were observed in four patients (>500/day). VPB were monomorphic (Lown I) in most of the patients, but were multimorphic (Lown III) with varying frequency in five patients (15%). The mean maximum HR was 137 ± 18 bpm; the mean HR, 86 ± 14 bpm; and mean minimum HR, 56 ± 12 bpm.
The overall descriptive analysis of the qualitative variables of ECG, Echo, and Holter monitoring is shown in Table 2 .
Functional assessment at exercise
Exercise test (ET) was performed in 30 patients, because the other seven could not perform the exercise due to lack of medical conditions or of ability. The mean exercise time was 10.3 ± 2.2 min; mean baseline HR 85 ± 17 bpm, and peak HR 170 ± 24 bpm. The mean baseline systolic blood pressure (BP) was 98 ± 13 mmHg, and mean peak systolic BP was 119 ± 25 mmHg. The mean peak double product (HR x systolic BP) was 21.173 ± 6.442 mmHg.bpm. The chronotropic index was lower than 80% in 12 patients (40%) and the autonomic response was inadequate in two patients (7%). VPB during exercise were observed in six patients: they were rare in five and frequent in one. Exercise capacity was classified as weak or very weak in 90% of the patients (Graph 2), although 97% were in functional class I (NYHA).
Statistical analysis
The following variables were used: age at surgery and at assessment; follow-up period; RVH (RV hypertrophy); PR (pulmonary regurgitation); RV-PA gradient; and QRSd regression showed that in the sample studied the numerical RV-PA gradient (in mmHg) was a significant predictor of VA, in a direct relation: the higher the gradient the greater the tendency to ventricular arrhythmia (coefficient of 0.0761, standard error of 0.0320, p value = 0.017).
Discussion
In the present study, the mean age at surgery was five years. Most of the researchers consider that the optimal age for repair of Tetralogy of Fallot is between three and 11 months, although the procedure of each institution depends on its expertise and appropriate conditions 23 . Many patients are diagnosed late, and therefore the repair is made at an older age. Older patients are more prone to develop arrhythmias, because their RV is exposed to the harmful effects of pulmonary obstruction for a longer time, and they also require more extensive surgeries 7, 9, 10 . The mean age at assessment was 9.8 years, and the mean follow-up period was 4.8 years; arrhythmias and SD were more prevalent among patients with longer follow-up, because the RV tends to undergo progressive dilation due to residual lesions and surgical scars 4, 8, 9, 24 .
Most of the patients (95%) were asymptomatic. Studies show that symptoms occur more frequently in cases with longer follow-up 18, 24 .
In our case series, ventriculoseptoplasty was performed via the transatrial approach, and half of the patients required a pulmonary patch. A higher incidence of arrhythmias is usually correlated in the literature with the transventricular approach and placement of larger patches 8, 14, 23 .
Resting ECG showed a high prevalence of RBBB (89%), and QRSd was > 120 ms in 16.2%, although QRSd ≥ 180 ms, which is considered an important predictor for the occurrence of severe arrhythmias and sudden death 8, 12, 25 , was not observed in any of the patients. Progressive QRS prolongation suggests RV dilation and severe PR for a longer time, although when occurring in the immediate postoperative period it reflects surgical myocardial injury or direct His bundle injury, in this case, with a more benign character 25, 26 .
Only one patient had a baseline ECG showing complete AVB; two had AVB (1st degree), and other three, sparse SVPB and VPB. According to some studies, and as corroborated by our case series, the prevalence of complete AVB is low -of approximately 3%, and few patients require a permanent pacemaker 4, 27 . Complete RBBB occurs in approximately 80% of the patients, and in approximately 10% it is associated with LAHB, the latter being a more serious condition due to the possibility of progressing to late complete AVB, severe arrhythmias and SD 25, 26 .
On the echocardiographic study, we observed that all patients had normal overall cardiac function, although the RV diameters were increased in 95%, with the presence of moderate to severe RVH in most of them (62%). Overload of the right chambers is a direct consequence of pulmonary regurgitation, as well as of RV outflow tract obstruction. However, PR is better tolerated during childhood and in the first postoperative years, with a lower incidence of arrhythmias 7, 14 .
PR was moderate and severe in 68% of the cases, and RV (QRS duration); based on data from Holter monitoring. Statistical tests were applied to verify the association between ventricular arrhythmias (VA) or ventricular plus supraventricular arrhythmias (VA + SVA). In relation to the qualitative variables, the tests showed that moderate and severe RVH were significantly more frequent in patients with VA than in the group without VA (80% and 42%, respectively, p = 0.026), same as for the RV-PA gradients ≥ 45 mmHg (40% and 0%, respectively, p = 0.004) ( Table 3 , Graphs 3 and 4). This correlation also occurred in patients with VA+SVA in comparison to those without arrhythmia (p = 0.028). In relation to the numerical variables, in patients with arrhythmia (Table 4) , the mean RV-PA gradient was also significantly higher among those with VA (p = 0.015); likewise, it was higher among patients with VA+SVA (p = 0.049) than in the groups without VA or without VA+SVA.
The simultaneous analysis of variables using logistic 
Graph 3 -Association between right ventricular hypertrophy and ventricular arrhythmia (VA).
outflow tract obstruction showed RV-PA gradients above 45 mmHg in 19% of the patients. Just as in our cases, studies show the presence of some degree of residual pulmonary flow obstruction in most of the patients, and a 60% to 90% prevalence of PR resulting from commisurotomy and transannular enlargement 7, 14 . Some authors believe that a more restrictive right ventricular physiology, with less pulmonary regurgitation, is more beneficial in the long term, preventing severe RV dilation and causing less QRSd prolongation 28 .
In our case series, there were two reoperations, one for heart valve replacement, and both patients had arrhythmias, although they were stable. Pulmonary valve replacement has been indicated to reduce regurgitation, although much discussion still exists in relation to the optimal time for the procedure 17 .
Patients undergoing pulmonary valve replacement, whether for severe regurgitation or stenosis, show clinical improvement, with less arrhythmias and QRSd stabilization 17, 29 .
Holter monitoring detected arrhythmias in 59% of the patients, albeit occasional in most of them, and ventricular arrhythmias were the most prevalent type. Katz et al concluded that the risk of developing arrhythmias is proportional to the age at repair 24 . A patient 30 years old at the time of repair has a 17 times greater risk of developing arrhythmic symptoms than another one who was five years old at repair, and a fiveyear-old patient has a 1.4 times greater risk than a patient two years old at repair 24 . Matina et al 30 conducted a study in 59 patients with a mean follow-up of 7.5 years and observed the occurrence of arrhythmias six years after repair, and none of the patients less than two years old at repair presented with ventricular arrhythmic events 30 . Our patients underwent surgery at a mean age of 5.0 years, and the mean follow-up period was also 5.0 years, and they had an incidence of arrhythmias similar to that found in the literature 24, [30] [31] [32] .
Exercise test detected arrhythmias in 20%, characterized by infrequent VPB. Among all patients, the highest frequency of VPB was recorded in the patient who had the highest RV-PA gradient. Exercise capacity was classified as very weak in most of the patients, and 40% of them had a chronotropic index considered inadequate. Some authors correlate a significantly reduced exercise capacity with the use of patches and severe pulmonary regurgitation 24 . We also believe that the very weak exercise capacity observed in most of the cases studied may be associated with irregular exercise practice induced by family protection and by the habit of limitation established by the underlying disease 22 .
The mean peak double product was 21,173 bpm.mmHg, and 57% of the patients showed values lower than 20,000 bpm.mmHg, which is considered by Bozza and Loos as the cut-off point between children with heart diseases and normal children 21 .
In our case series, we did not observe any association between the different variables studied and the presence of cardiac arrhythmias, unlike in other studies in the literature. However, there was an association between RV-PA gradients ≥ 45 mmHg and the presence of VA (p=0.004) and VA+SVA (p=0.028) 4, 8, 25 . These results corroborate the findings from other studies which consider a high RV systolic blood pressure to be a predictor of arrhythmias and sudden death 11, 13, 24, 29 .
Garson et al
2 observed that a poor surgical outcome, with residual RV pressure elevation and development of dysfunction, was associated with the occurrence of arrhythmias and sudden death 2 .
We also observed an association between moderate and severe RVH, which is also considered in the literature as a predictor of arrhythmias, and the presence of VA (p = 0.026) 4, 9, 14 .
The most relevant result of the present study, obtained by means of simultaneous analysis of variables using the logistic regression analysis, was the observation that the RV systolic gradient was able to predict VA in a direct relation, i.e., the higher the gradient, the greater the tendency to VA in this sample (p = 0.017).
Conclusion
Although a common finding, cardiac arrhythmias in children and adolescents undergoing TF repair are infrequent and benign in most of the cases. However, in patients with greater overload and higher right ventricular systolic pressure, the arrhythmic events are more frequent or potentially more severe, the increased RV pressure gradient being considered an independent risk factor for ventricular arrhythmias.
Recommendations
A regular follow-up of these patients after surgical repair, by means of clinical and laboratory tests, is important for the early detection of complications subsequent to residual lesions, since it can probably reduce the risk of late cardiac arrhythmias in these children.
